In the archetypal lithium-rich cathode compound Li 1.2 Ni 0.13 Co 0.13 Mn 0.54 O 2 , a major part of the capacity is contributed from the anionic (O 2−/− ) reversible redox couple and is accompanied by the transition metal ions migration with a detrimental voltage fade. A better understanding of these mutual interactions demands for a new model that helps to unfold the occurrences of voltage fade in lithium-rich system. Here we present an alternative approach, a cationic reaction dominated lithium-rich material Li 1.083 Ni 0.333 Co 0.083 Mn 0.5 O 2 , with reduced lithium content to modify the initial band structure, hence~80% and~20% of capacity are contributed by cationic and anionic redox couples, individually. A 400 cycle test with 85% capacity retention depicts the capacity loss mainly arises from the metal ions dissolution. The voltage fade usually from Mn 4+ /Mn 3+ and/or O n− /O 2− reduction at around 2.5/3.0 V seen in the typical lithium-rich materials is completely eliminated in the cationic dominated cathode material.
F ast charging, lightweight and stable storage techniques can complement the green energy generation sources such as wind or solar to provide efficient and completely renewable energy systems. Scientists have been incessantly working on developing various lithium-based compounds such as high nickel NCM811 and NCA to meet the needs [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, from their intrinsic layered-type structure, these compounds have limited specific capacity by the number of lithium ions that can participate in redox reactions. Over-delithiation accompanied by the high oxidation state of transition metal gradually destabilizes the layered structure resulting in lattice collapse 10, 11 .
About a decade ago, a new concept of "lithium-rich" materials, with the chemical formula xLi 2 MnO 3·(1−x) LiMO 2 or Li(Li w Ni x-Co y Mn z )O 2 , was introduced by Thackeray. The "Mn-based" compounds have excess lithium to provide high specific capacity 12, 13 . Many different ternary transition metal compounds and their rich structure phase diagram have been reported [14] [15] [16] [17] . Dahn's group completed a pseudo-quaternary phase diagram using automatic combinatorial synthesis 18 . A substantial number of compositions, nearly 800, with layered or spinel structure have been clearly identified 3 . Due to ions migration leads to an unusual atomic restructuring hence most phases are even more complicated after the first cycle [19] [20] [21] [22] .
Despite the versatile elemental combination and structural complexity, it is recognized that the high capacity of Li-rich Mnbased compound accounts from both cationic and anionic redox couples 23 . For instance, a well-studied material, Li 1.2 Ni 2+ 0.13
Co 3+
0.13 Mn 4+ 0.54 O 2 has been reported to exhibit redox activity both on the transition metals and on oxygen, and the capacity from cationic redox couples (Ni 2+/4+ , Co 3+/4+ ) is~122 mAhg −1 while anionic redox couple (O 2−/− ) contributes more than 50% of the capacity depending on the end of charging potential [23] [24] [25] [26] [27] [28] . The major part of capacity arises from high voltage anionic redox reaction and occurs simultaneously with defects formation and ions migration. The valence states of transition metals and oxygen above 4.5 V vs. Li, studied by soft X-ray absorption spectroscopy (SXAS) and resonant inelastic X-ray scattering spectroscopy, have been identified as Ni 4+ , Co 4+ , Mn 4+ and O n− (1 ≤ n ≤ 2) 27 . Theoretical calculation and experimental observations propose a specific honeycomb-like short-range ordering of Mn 4+ , Li + , and O n− that benefits the structure stability and activates anionic redox couple 27, 28 . Nevertheless, despite these Li-rich compounds display a high capacity, they have not yet been fully commercialized.
To improve the cycling stability of these cathode materials, fundamental problems of the gradual irreversible phase transformation and detrimental voltage fade at around 2.5/3.3 V must be solved before getting into the real application. However, several debates about the evolution of voltage fade exist in the literature [29] [30] [31] [32] [33] . Many reported Li-rich Mn-based compounds display different capacity hysteresis between 1st and 2nd cycle at around 2.5/3.3 V where it is considered to undergo an irreversible phase transformation from its initial state to spinel-like phase 17, 32 . Cheuh et al. proposed the coupling effects for cation migration and oxygen redox reaction 31 . A drastic change at around 2.5/3.3 V in the 2nd cycle of dQ/dV curve corresponds to the cations migration associated with the electronic reshuffling involving oxygen redox reaction 34 . Based on the theoretical band structure studies, the d-d Coulomb interaction (U) resulting in different M-O* peak splitting and overlapping with O 2p nonbonding band, Tarascon proposed three cationic/anionic redox reaction scenarios based on different ratios of U and charge transfer energy Δ 23 .
Since different experimental results are shown in these studies, the development of various stable Li-rich Mn-based compounds will benefit the fundamental research on the complex voltage fade issue. In an attempt to find a different initial band structure material, we designed a cationic dominated Li- and abbreviated as (LNCM1416) after reduction to common denominator, which has a single-phase monoclinic structure of C2/m symmetry identified by Rietveld refinement of synchrotron X-ray diffraction (XRD), high-resolution transmission electron microscopy (HR-TEM) and selected area electron diffraction (SAED). We have also examined the magnetic responses of the materials after discharged to the certain specific voltages as measured by SQUID (superconducting quantum interference device) 34, 35 . The oxygen oxidation reaction of LNCM1416 material is initiated at 4.4 V, wherein the capacity is achieved from around 20% anionic and 80% cationic redox couples. Since no reduction of oxygen species is observed at lower voltages and the compound has a reversible oxygen redox reaction at above 4.4 V, possibly it can be placed in the second case of cathode materials with U/2 ≈ Δ as mentioned by Tarascon 23 . No significant voltage fade at around 3.0/3.3 V in the initial 100 cycles, unlike Li 1.2 Ni 0.13 Co 0.13 Mn 0.54 O 2 reflects a much more stable charge/discharge process of LNCM1416 material. However, the gradual decay in capacity along 400 cycles is due to the dynamic voltage separation of transition metal redox couple or the dissolution and redeposition of metal ions on the anode surface.
In this work, we demonstrate the potential real application of cationic Li-rich Mn-based material via 60 mAh full cell with 205 mAhg −1 capacity with 85% retention after 400 cycles displaying minimal voltage fade at lower voltages and reversible redox reaction of oxygen at the higher voltages.
Results
Synthesis and structure characterization of LNCM1416 cathode material. The synthesized Li-rich phase highly depends on the controlled atmosphere as well as the temperature profile used. To optimize the quaternary LNCM1416 material, the sample prepared with an excess of 2 mol% Li 2 CO 3 and heating with the flow of oxygen are absolutely necessary. Figure 1 The synchrotron XRD pattern (circle) and the simulated pattern of C2/m symmetry (red line) of LNCM1416. R 3m space group with 0.35% extension of γ angle along the a-axis direction was used for achieving the single-phase fitting of LNCM1416. The monoclinic lattice with higher symmetry can be cleaved and subscribed from this distorted R 3m structure, hence, showing a single-phase structure with monoclinic m-LiMnO 2 (C2/ m) space group material. The attempt to refine the data using the R 3m structure of LiMnO 2 resulted in a bad fitting with high R wp . Thus, a combinatorial data mining approach was applied to search for the possibility of lattice distortion. The best-fitting result gave a lattice compression angle of 120.417 ± 0.043°along the a-axis of hexagonal lithium lattice plane and the splitting fitted well with a satisfactorily low R wp (<15%) as shown in the inset of Fig. 1 . Therefore, the single-phase fitting of LNCM1416 can be achieved using R 3m space group but with 0.35% extension of γ angle along the a-axis direction. The monoclinic lattice with higher symmetry can be cleaved and subscribed from this distorted R 3m structure, hence, showing a single-phase structure with monoclinic m-LiMnO 2 (C2/m) space group, as seen in Fig. 2b . The obtained lattice parameters are a = 4.9997 Å, b = 2.8602 Å, c = 5.8086 Å, α = γ = 90°, β = 125.0179°.
The fine structures of Li-rich Li 1.2 Ni 0.13 Co 0.13 Mn 0.54 O 2 compound, either a C2/m single phase or an intermixed of layered LiMO 2 with monoclinic Li 2 MnO 3 two phases, have been discussed for a long time 11, 36 . HR-TEM and SAED confirm the single phase of LNCM1416 with C2/m structure from reciprocal space images taken along [101] zone axis as shown in Fig. 2a . The diffraction pattern can be indexed with respect to a typical C2/m space group and the reciprocal lattice is in good agreement with synchrotron XRD result seen in Fig. 1 . The cathode material LNCM1416 with C2/m symmetry, which we have designed, its chemical stoichiometry falls into Dahn's published phase diagram at the layered and spinel structure boundary 18 . Sample preparation without precise Li stoichiometry control may result in the R 3m symmetry product, which in turn is unable to achieve a high capacity as obtained from the C2/m distorted structure.
Electrochemical studies and evolution of voltage fade. For the material's electrochemical studies, charge/discharge tests were carried out in order to investigate the maximum capacity attainable from the material and retention of its structural stability after many cycles. Initially, coin cells were prepared with lithium metal disc as anode for running the preliminary tests. The coin cells were charged up to 4.6 V and discharged to 2.2 V in CC/CV mode. A discharge specific capacity of 205 mAhg −1 was obtained with good consistency in the first six cycles as seen in Fig. 3 . From the charge curves, it is clear that O 2−/− redox couples occurred at above 4.4 V and from the deduction,~20% of the capacity is acquired from the anionic redox reaction, and consequently;~80% capacity attained is from cationic redox couples.
Significant lithium movement in the layered cathode materials normally can lead to structural instability. Cyclic voltammetry (CV) and differential capacity dQ/dV studies of LNCM1416 material show ions migration occurred at high voltage and formed a dynamic structure in each cycle.
Cyclic voltammetry of coin cell was carried out by five continuous scans at the scan rate of 0.1 mV/s in the potential range 2.2-4.5 V as shown in Fig. 4a . The 1st CV scan of asprepared LNCM1416 coin cell reveals two anodic reactions that denote the oxidation of (Ni 2+/4+ , Co 3+/4+ ) and O 2− /O 1− separately. The difference found in the 2nd cycle is at high voltage oxidation process. In the 1st cycle, the second oxidation peak begins at around 4.4 V but disappeared on the 2nd cycle. The disappearance of O 2− /O 1− signal and poor initial coulombic efficiency ( Fig. 3 inset) indicate the possible generation of vacancy in oxygen layer and/or redistribution of metal cations, resulting in an irreversible lattice transformation, which may cope with the distorted structure, intrinsic to the LNCM1416 material so that the following CV cycles become stable.
By differential capacity analysis, dQ/dV plots of LNCM1416 coin cell in Fig. 4b show the 2nd discharge profile nearly overlapped with the 1st cycle, but display a shifting towards lower voltage during initial 20 cycles, and becomes pronounced voltage fade at around 2.5/3.3 V after 100 cycles. Contrarily, in the reported compound Li 1.2 Ni 0.13 Co 0.13 Mn 0.54 O 2 , the voltage fade at 2.5/3.3 V can be observed immediately after few cycles where it is considered to undergo an irreversible atomic restructuring accompanied with dynamic electronic reshuffling to generate such voltage fade. Although the evolution of voltage fade for LNCM1416 material is much slower than Li 1.2 Ni 0.13 -Co 0.13 Mn 0.54 O 2 compound, a clear voltage fade at 100th cycle can be seen. In the coin cell long cycles experiment, lack of activation steps involving the removal of side products could result in undesired reactions such as the serious dissolution of metal ions and electrolyte decomposition at high voltage.
In Fig. 4c , a 60 mAh pouch cell was made by the same batch of LNCM1416 material for parallel charge/discharge cycling test, assembled with carbon-based anode activated and tested in the voltage range 2. observed in the pouch cell, which is highly correlated to the capacity fade mechanism resulting from the metal ions dissolution, dynamic structure formation and redeposition on the anode surface. More specifically, only redox potentials separation can be observed but no detectable new redox couple is developed at around 2.5/3.5 V. The LNCM1416 cathode material sustains at 4.5 V for 400 cycles and no detectable macroscopic spinel-like phase formation is observed as seen in the ex situ XRD data presented in the Supplementary Fig. 1 , showing its monoclinic C2/m structure is thermodynamically stable and suggests the oxygen redox couple at high voltage is reversible. Also, from the SEM-EDX studies of the post-electrochemical LNCM1416 cathode as shown in the Supplementary Fig. 2 , it is evident that the cathode material is stoichiometrically intact even after 400 cycles.
To test the efficiency of the cells along with its structural stability at higher current rates, the cells were discharged at various discharge rates starting from 0.2 to 5 C. A noticeable discharge capacity was attained at the lower C-rates, i.e., 193, 178, and 158 mAhg −1 at 0.2, 0.5, and 1 C, respectively, which decreased drastically when increased to 3 C and 5 C rates with the discharge capacity of 130 and 84 mAhg −1 as seen in Fig. 5a . However, the recovery of the cells back to 200 mAhg −1 at 0.1 C after the high C-rate tests is significant, reflecting the structural stability of the active material. A 60 mAh pouch cell tests, in the voltage range 2.2-4.5 V as shown in Fig. 5b , displays 200 mAh/g initial capacity and 85% retained after 400 cycles in 0.2 C charge/ discharge rate. The initial rise in the capacity up to 50 cycles is due to the lower charging voltage of 4.5 V that progressively activates the oxygen redox couple, which otherwise would be flat when charged to 4.6 V as seen in Fig. 3 .
SQUID and operando XRD measurements. To analyze the LNCM1416 valence state variation during the charge/discharge process, samples discharged to a selected potential were opened and packed in the glove box for SQUID measurement. Figure 6a displays the temperature-dependent inverse susceptibility (1/χ) for the samples after discharged to specified voltages. We observed that the magnetic susceptibility falls into two groups with different temperature dependence. It was a surprise to observe the rise in susceptibility below 180 K for samples discharged at 3 V and~150 K at 3.75 V, respectively, suggesting a magnetically more ordered state at low temperature in these samples. The effective moments of these two samples, estimated from the high temperature data, are closer to that of the 4.25 V sample. This observation seems to be consistent with the operando XRD results, as shown in Fig. 6b , which exhibit the reduction in c-lattice at the same discharging voltages. The clattice contraction enhanced the coupling between magnetic ions The dQ/dV plots of first 100 cycles run with the coin cell at 0.1 C rate portrays the gradual appearance of voltage fade at lower voltage which possibly instigated from the lack of activation steps involving the removal of the side products. c The dQ/dV plots of pouch cell of 60 mAh run at 0.2 C rate for 400 cycles in the potential range of 2.2-4.5 V, shown with the 100 cycles/increment, clearly demonstrates that with proper activation stop, the voltage fade at lower voltage can be effectively suppressed. A noticeable voltage separation of transition metals redox couples around 3.0/3.5 V (pink area), however, can be observed, which is highly correlated to the capacity fade mechanism resulting from the metal ions dissolution, dynamic structure formation, and redeposition on the anode surface ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-019-0223-3
to make it magnetically more ordered at low temperature. Therefore, similar to α-NaMnO 2 and CuMnO 2 , the monoclinic distortion in LNCM1416 results from the strong cooperative effect on ionic size difference and specific spin alignment.
Discussion
A systematic study on the designed cationic Li-rich compound LNCM1416 was carried out that demonstrated the detrimental voltage fade at low voltage can be effectively suppressed. Not taking into account the voltage fade issue, the 15% capacity loss after 400 cycles of charge/discharge in the full cell depicts the voltage separation of transition metal redox couple is the major factor for cell degradation. LNCM1416 material is comparable to the commercially available material NCM811 in terms of capacity. Nevertheless, more Mn with less Ni in LNCM1416 certainly has the advantage of a substantial reduction in cost. In this work, we have further demonstrated the potential real application of cationic Li-rich Mn-based material via 60 mAh full cell with 205 mAhg −1 capacity and 85% retained after 400 cycles.
Methods
Preparation of electrode materials. The cathode material LNCM1416 was synthesized using a co-precipitation method. 1000 ml of the aqueous solution of transition metal nitrates (0.34 M Ni(NO 3 ) 2 , 0.5 M Mn(NO 3 ) 2 , 0.08 M Co(NO 3 ) 2 ), and 1000 ml of 2 M LiOH aqueous solution were dripped simultaneously into a five-liter reactor using a peristaltic pump and stirred continuously at 700 rpm for 12 h. The reactor was constantly maintained in the nitrogen atmosphere to avoid undesirable side reactions. The precipitate was collected, filtered and washed with DI water, and then dried overnight at 110°C in the oven. The dried precipitate was further ball-milled with Li 2 CO 3 and then heated under oxygen gas flow at 900°C for 10 h with a ramp of 5˚C/min to finally obtain the spherical shaped stoichiometric LNCM1416 cathode material. further study. For electron microscopy and spectroscopy measurements, the electrode particles were scratched off and deposited onto the respective substrates. A hole of 3 mm diameter was made in all the components except for the cathode, to avoid any unfavorable signals and both the ends were sealed with Kapton film for operando XRD measurements.
Materials characterization. X-ray diffraction (XRD) on powder samples was performed on a Bruker D2 Phaser diffractometer using CuK α radiation. Precise cell parameters were refined from the experiments performed in synchrotron source (TPS-09A at NSRRC) with an incident beam of wavelength 0.82656 Å. Operando XRD measurements were carried out by using beam-line #01C2 of Taiwan Light Source, NSRRC in Taiwan. The wavelength of incident X-ray is 0.77491 Å (16 keV). JEOL high-resolution transition electron microscope (HR-TEM) operated at 200 kV was used for microstructural analysis. The magnetic properties were measured on a SQUID magnetometer (MPMS, Quantum Design Inc.) starting from 0 to 300 K.
